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ABSTRACT: ATP sensitive potassium (KATP) channels are composed of four copies of a
pore-forming inward rectifying potassium channel (Kir6.1 or Kir6.2) and four copies of a
sulfonylurea receptor (SUR1, SUR2A, or SUR2B) that surround the pore. SUR proteins are
members of the ATP-binding cassette (ABC) superfamily of proteins. Binding of MgATP at
the SUR nucleotide binding domains (NBDs) results in NBD dimerization, and hydrolysis
of MgATP at the NBDs leads to channel opening. The SUR proteins also mediate
interactions with KATP channel openers (KCOs) that activate the channel, with KCO
binding and/or activation involving residues in the transmembrane helices and cytoplasmic
loops of the SUR proteins. Because the cytoplasmic loops make extensive interactions with
the NBDs, we hypothesized that the NBDs may also be involved in KCO binding. Here, we
report nuclear magnetic resonance (NMR) spectroscopy studies that demonstrate a specific
interaction of the KCO pinacidil with the first nucleotide binding domain (NBD1) from
SUR2A, the regulatory SUR protein in cardiac KATP channels. Intrinsic tryptophan
fluorescence titrations also demonstrate binding of pinacidil to SUR2A NBD1, and
fluorescent nucleotide binding studies show that pinacidil binding increases the affinity of SUR2A NBD1 for ATP. In contrast,
the KCO diazoxide does not interact with SUR2A NBD1 under the same conditions. NMR relaxation experiments and size
exclusion chromatography indicate that SUR2A NBD1 is monomeric under the conditions used in drug binding studies. These
studies identify additional binding sites for commonly used KCOs and provide a foundation for testing binding of drugs to the
SUR NBDs.

ATP sensitive potassium (KATP) channels are non-voltage-
dependent, potassium selective channels present in many
tissues including the brain, pancreas, smooth muscle, and
heart.1 Because gating of KATP channels depends on cellular
concentrations of ATP and ADP, KATP channels couple the
metabolic state of the cell to membrane potential2 and thus play
crucial roles in many biological processes. In the heart, KATP
channels are normally closed, but they open in response to
various forms of stress including ischemia, physical exertion,
and hypertension.3 Opening of cardiac KATP channels
contributes to increases in K+ influx and shortening of action
potentials, which may protect the heart against arrhythmias.1

Furthermore, activation of KATP channels in the heart during
ischemia renders the heart more resistant to subsequent
ischemic events, which minimizes cardiac damage.1,3,4

KATP channels are composed of four copies of a pore-forming
inward rectifying potassium channel (Kir6.2 or Kir6.1) and four
copies of a sulfonylurea receptor (SUR1, SUR2A or SUR2B)
that surround the pore.5 Different combinations of Kir6.x and
SUR proteins form KATP channels in different tissues that have
different nucleotide and pharmacological sensitivities.6−11 The
SUR proteins are members of the ubiquitous ATP-binding
cassette superfamily of proteins and consist, at minimum, of

two membrane spanning domains (MSD1 and MSD2) and two
cytoplasmic nucleotide binding domains (NBD1 and NBD2)12

(Figure 1A,B). In the SUR proteins and related ABC
transporters, these domains are arranged in the sequence
MSD1-NBD1-MSD2-NBD2. The transmembrane helices in
the MSDs extend into the cytoplasm and are connected by
short loops,13−15 with short segments in the connecting loops,
known as coupling helices,16 contacting the NBDs (Figure
1A,B). MgATP binding causes dimerization of NBD1 with
NBD2, which dissociate upon ATP hydrolysis.17 In addition to
the minimum ABC protein structure, the SUR proteins contain
another MSD (MSD0) that is linked to the N terminus of
MSD1 by the cytoplasmic L0 linker.18−21 ATP binding, in the
absence of Mg2+, at the Kir6.x proteins (Figure 1C) results in
KATP channel inhibition, whereas MgATP binding and
hydrolysis at the SUR NBDs result in channel opening.22

The SUR proteins are also sites of binding of KATP channel
openers (KCOs).23 These structurally diverse drugs are used in
the treatment of disorders such as hypertension, angina, and
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ischemic heart disease, and are also used for cardioprotection in
surgery.4,24,25 Figure 1, panels D and E show the structures of
two commonly studied KCOs, pinacidil and diazoxide,
respectively. KATP channels from different tissues display
varying sensitivities to these KCOs, and the differential
responses of KATP channels to the drugs are attributed to the
specific SUR protein.6,26 For example, pancreatic KATP

channels, which contain four copies of SUR1, are activated by
diazoxide and to a small extent by pinacidil.27−29 In contrast,

the SUR2A-containing cardiac KATP channels are activated by
pinacidil and generally not by diazoxide,28−32 except under
specific conditions (see below). Finally, KATP channels in
smooth muscle, which contain SUR2B, are activated by both
pinacidil and diazoxide.30,33 In addition to differences in
activation by different KCOs, specific SUR proteins in KATP

channels differ in the degree to which their response to the
drugs is modulated by nucleotides. For example, diazoxide
activates SUR1- and SUR2B-containing KATP channels in the

Figure 1. Structures of SUR and Kir6.x proteins, and common KATP channel openers. (A) Schematic diagram of a SUR protein. The transmembrane
helices in each membrane-spanning domain (MSD0, MSD1, and MSD2) of the SUR protein are shown in gray. The L0 linker connects MSD0 to
the minimum ABC transporter structure.18−21 Binding of MgATP at NBD1 (blue) and NBD2 (green) results in NBD1/NBD2 dimerization.17

Hydrolysis of MgATP to MgADP at the NBD2 composite site results in dissociation of the dimer (not shown). NBD1 contains a large disordered
loop represented by the blue curve.38 Cytoplasmic extensions of the transmembrane helices in MSD1 and MSD2 are shown in light purple. Coupling
helices, also shown in light purple and labeled, connect the helical extensions and contact the NBDs (black, dashed arrows).13−16 (B) Ribbon
diagram of the homology model of SUR2A with NBD1 and NBD2 colored in blue and green, respectively. The MSDs are primarily colored in gray,
with the exception of part of the cytoplasmic loop between TM helices 13 and 14, that includes coupling helix 3 and is important for pinacidil
binding and activation of KATP channels,

36 which is magenta. The MSD2-NBD2 linker and residues L1249 and T1253 in TM helix 17, also important
for KATP channel activation,

37 are in cyan. The C42 region in NBD2 is indicated. A solid black circle shows the location of a possible drug binding
interface.6 (C) Schematic diagram of Kir6.x proteins. The two transmembrane helices and the pore helix embedded in the membrane of the Kir6.2
subunit are colored in gray. The C-terminal domain, which binds ATP in absence of Mg2+, is colored in yellow.76 In the KATP channel, the SUR and
Kir6.x proteins interact via the transmembrane helices of Kir6.x and MSD0 of the SUR protein.5,18,77 (D and E) Chemical structures of the KATP
channel openers (D) pinacidil and (E) diazoxide.
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presence of both MgATP and MgADP, while only MgADP and
not MgATP supports diazoxide activation of SUR2A-
containing cardiac KATP channels.

34

The differential activation of KATP channels containing either
SUR1 or SUR2 isoforms by pinacidil and diazoxide has been
exploited to identify regions of the SUR proteins involved in
KCO binding and/or mediation of the effects of the drugs.
Binding studies using [3H]P1075, an analogue of pinacidil, and
electrophysiological experiments on SUR1-SUR2A chimeras
originally localized the pinacidil binding site to a segment of
SUR2A comprised of transmembrane (TM) helices 12−17.35
Additional [3H]P1075 binding and channel activation studies
narrowed the site of action to residues T1059-L1087 (rat
SUR2A numbering) and R1218-N1320.36 Residues T1059-
L1087 encompass the cytoplasmic loop between TM helices 13
and 14 (Figure 1B, magenta) and include coupling helix 3 that
contacts both NBD1 and NBD2. Residues R1218-N1320 form
TM helix 17 and the MSD2-NBD2 linker (Figure 1B, cyan),
plus the first β-strand of NBD2 (Figure 1B, green). Channel
activation studies using mutations in which L1249 and T1253
in TM helix 17 in SUR2A were changed to Thr and Met, the
corresponding residues in SUR1, respectively, identified these
residues as critical for KCO-mediated activation of KATP
channels.37 Thus from these data, two different regions in the
SUR protein appear to be involved in KCO binding and
channel activation.
The C-terminal 42 residues in the SUR protein, known as the

C42 region, define a third region as being involved in KCO
binding and KCO-mediated activation. KATP channels contain-
ing either SUR2A or SUR2B, which differ only in the
composition of the C42 region but are otherwise identical,
display different affinities for various KCOs, with SUR2B-
containing channels having a higher affinity for the drugs than
SUR2A-containing channels.23 Further, a chimera comprising
the SUR2 core structure and the C42 region of SUR1, which is
similar in sequence to that of SUR2B, binds P1075, pinacidil,
and diazoxide with an affinity similar to SUR2B, consistent with
the involvement of the C42 region in drug binding.23 The C42
region is part of the NBD2 domain,38 and homology models of
SUR2A NBD2 and SUR2B NBD2,39 based on the structure of
the histidine permease NBD,40 suggest interactions of the C42
region with the ATP-binding site in NBD2. Homology models
of the minimum ABC structure of SUR2A (Figure 1B), as well
as structures of ABC transporters Sav1866,14 MsbA,15 and
murine P-glycoprotein,13 which were not available at the time
the C42 experiments were done, demonstrate that the C42
region is not located near the TM helices or coupling helix 3.
However, the C42 region is at the NBD1/NBD2 dimer
interface and hence may affect drug binding because of its
influence on NBD1/NBD2 dimerization. The apparent
discrepancy resulting from identification of three distant
regions in SUR2A in pinacidil binding and activation may be
due to pinacidil inducing structural changes in the protein,
which are in turn necessary for channel activation. Some of the
regions identified by mutation studies may be involved in drug
binding, while other regions are necessary for transmitting
conformational changes through the protein.
The KCO binding and channel activation data, as well as

structural models of SUR2A, led us to test a model6 that, along
with the previously identified regions that include the coupling
helices and the MSD2-NBD2 linker, suggests the NBDs also
form part of the KCO binding sites (Figure 1B, solid black
circle). Thus, we have probed binding of two KCOs, pinacidil

and diazoxide, to SUR2A NBD1, which along with coupling
helix 3 and NBD2 may be involved in creating a drug binding
site. These studies were enabled by the finding that SUR2A
NBD1 could be expressed as a soluble and folded domain,38

while SUR2A NBD2 could not. In this paper, we demonstrate
direct and specific binding of pinacidil to SUR2A NBD1 in the
presence of MgATP using nuclear magnetic resonance (NMR)
spectroscopy and use intrinsic tryptophan fluorescence to
determine the affinity of the drug/NBD1 interaction. The
pinacidil/NBD1 interaction is weak, having a Kd value of 455 ±
37 μM, which is consistent with the hypothesis that NBD1
forms part of the drug binding site and the demonstration of
the involvement of other regions of the SUR proteins in
previous studies.23,35−37 In contrast, interactions between
SUR2A NBD1 and diazoxide were not observed under the
same conditions. Using fluorescence nucleotide binding studies,
we demonstrate that pinacidil increases the nucleotide binding
affinity of SUR2A NBD1, providing further evidence for a
direct interaction between pinacidil and NBD1. NMR
relaxation experiments and size exclusion chromatography
demonstrate that SUR2A NBD1 is monomeric under the
conditions used in the drug binding studies. Together, these
experiments identify an additional component of the binding
site for pinacidil on SUR2A, which is likely at an interface
between coupling helix 3 and NBD1 that forms part of the drug
binding site in the intact KATP channel. The studies also provide
a methodological approach for testing binding of drugs to the
NBDs of the SUR proteins.

■ EXPERIMENTAL PROCEDURES
Materials. The KATP channel openers (KCOs) pinacidil and

diazoxide were purchased from Sigma. The KCOs purchased
were ≥98% pure according the manufacturer.

Protein Expression and Purification. NBD1 from rat
SUR2A (residues S615-L933) was prepared as previously
described.38 The sequence of rat SUR2A is ∼96% identical to
human SUR2A in this region, with most amino acid changes
occurring in unstructured loops.38 Thus, data acquired on rat
SUR2A NBD1 is applicable to the human protein. Briefly,
SUR2A NBD1 is expressed as a fusion with a cleavable N-
terminal 6xHis-SUMO tag in Eschericha coli BL21 (DE3)
CodonPlus-RIL (Stratagene) cells. Cells were grown in media
containing 95% 15N-labeled M9 minimal media and 5% LB
media at 18 °C. The 6xHis-SUMO fusion protein was isolated
using a Ni2+-NTA affinity column (GE Healthcare). Following
cleavage of the 6xHis-SUMO tag with His-Ulp1 protease,
SUR2A NBD1 was purified to homogeneity by size exclusion
chromatography (Superdex 75, GE Healthcare), followed by a
reverse Ni2+-NTA affinity column to remove small amounts of
the 6xHis-SUMO tag that coelute with SUR2A NBD1 from the
size exclusion column. All protein purification steps were
conducted at 4 °C. For the NMR and fluorescence studies,
SUR2A NBD1 was exchanged into NBD1 buffer (20 mM
sodium phosphate pH 7.3, 150 mM NaCl, 2% (v/v) glycerol, 2
mM DTT) with and without ATP and MgCl2, as required.

Homology Models. Homology models of rat SUR2A
(Figure 1B) were generated with the program Modeler.41 A
structure-based sequence alignment (Supplementary Figure 1,
Supporting Information) of the C-subfamily of ABC trans-
porters,12 including isoforms of SUR2,42,43 based on available
structural data of full13−15 and half transporters (PDB code
4AYT) available was generated using Clustal W.44,45 Structural
information from the crystal structure of CFTR NBD1, which
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is similar to SUR2A NBD138 was also used in the alignment.
The homology models were generated using the crystal
structure of Sav1866 (PDB code 2HYD)14 and the human
CFTR F508A NBD1-RE (PDB code 1XMI),46 excluding
residues C647−D673, as templates. A total of 50 models were
generated, from which the 10 lowest energy models were
selected for analysis.
Drug Binding Studies by NMR Spectroscopy. Inter-

action of SUR2A NBD1 with KATP channel openers (KCOs)
was monitored with NMR spectra of SUR2A NBD1. The
purified SUR2A NBD1 was dialyzed into NBD1 buffer with 5
mM ATP and 5 mM MgCl2. The NMR samples also contained
0.5 mM 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) for
1H and 15N chemical shift referencing.47 NMR drug binding
studies were done with SUR2A NBD1 at a concentration of
250 μM. TROSY-HSQC spectra48 of SUR2A NBD1 were
recorded at 30 °C on a 600 MHz Varian Inova spectrometer
equipped with a H(F)CN triple resonance cryoprobe and
actively shielded z-gradients. The KCO drugs were solubilized
in DMSO. Sequential additions of the drugs were made to the
SUR2A NBD1 sample and NMR spectra were recorded. Three
separate titrations were done with pinacidil and two with
diazoxide, using different preparations of the protein. To
account for changes in spectra of SUR2A NBD1 from addition
of increasing amounts of DMSO, blank titrations of SUR2A
NBD1 in which identical volumes of DMSO without the drug
were recorded. Thus, the spectra of SUR2A NBD1 with and
without drug shown have identical amounts of DMSO. All
NMR data were processed using NMRPipe/NMRDraw49 and
analyzed using NMRView.50 Spectra with and without the drug
were compared by calculating the combined chemical shift
difference, Δδtotal, according to the equation, Δδtotal =
((WHNΔδHN)2 + (WNΔδN)2)1/2,

51,52 where ΔδHN and ΔδN
are the chemical shift differences in the 1HN and 15N
dimensions, respectively. WHN (1.55) and WN (0.236)53 are
weighting factors determined from the spread in chemical shifts
contained in the BMRB.54

We also recorded 1D-1H spectra for each titration point in
order to experimentally determine the drug and DMSO
concentrations in solution at each point in the titration.55

Addition of drug to the protein sample results in a dilution of
the DMSO concentration, which compromises the solubility of
the drug. Thus, the amount of drug in solution during the
titration may not be equal to the amount of drug added due to
precipitation. For pinacidil, we used resonances from the
tertbutyl (0.93 ppm), methyl (1.18 ppm), and aromatic (7.19
and 8.35 ppm) protons (Supplementary Figure 2A). These
signals were integrated and divided by the total number of
protons (signal:proton ratio) that give rise to the signals. For
diazoxide, we used resonances from the methyl (2.39 ppm),
and aromatic (7.36, 7.73, 7.96 ppm) protons (Supplementary
Figure 2B). For DMSO, we used the resonance from the
methyl protons (2.72 ppm). The signal:proton ratio for each
drug was compared to that for glycerol, for which we determine
the concentration based on our starting concentration and the
dilution in the titration, to obtain values for the concentration
of drug and DMSO in our NMR titration samples. This
method allows for determination of the free drug in solution, as
resonances for drug bound to the protein would be broadened
and/or overlapped with the protein resonances, and hence not
observable in the 1D-1H spectrum. The free drug concen-
trations at the end of the titration were determined to be in
10−15-fold molar excess compared with the protein concen-

tration. Thus, the total concentration of drug is underestimated
by <10%, even if we were to consider saturation of the protein
with drug. We also prepared standard samples of pinacidil
(Supplementary Figure 2A) and diazoxide (Supplementary
Figure 2B), in which there was no precipitation of the drug, and
verified the drug and DMSO concentrations by the same
method. These calibration standards also verified the drug and
DMSO concentrations in our titration samples. The 1D spectra
were processed and analyzed with the ACD/NMR Processor
(Academic Edition, version 12.1) software package (www.
acdlabs.com).

Intrinsic Tryptophan Fluorescence Experiments. Kd
values for the interaction of pinacidil and NBD1 in the
presence of 5 mM MgATP were determined using intrinsic Trp
fluorescence of the NBD1. Fluorescence experiments were
conducted on a Fluoromax-4 spectrofluorimeter equipped with
an automatic titrator and a Peltier unit for precise temperature
control. Experiments were conducted at 15 °C, with excitation
and emission wavelengths of 298 and 348 nm, respectively, and
slit widths of 1.5 and 6 nm, respectively. The excitation
wavelength of 298 nm was chosen to selectively excite Trp
residues in the protein, and the emission wavelength of 348 nm
corresponds to the wavelength where the fluorescence
difference of NBD1 in the absence and presence of pinacidil
NBD1 is at a maximum. The affinity between NBD1 and
pinacidil was measured using 1 μM protein in NBD1 buffer
containing 10% DMSO to ensure solubility of the drug at the
highest concentrations used in the experiment (∼ 1 mM). The
titration data were fit to the equation,56 assuming a 1:1 complex
between NBD1 and the drug,
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where I is the fluorescence intensity at a given total
concentration of pinacidil, [KCOtotal], I∞ is the fluorescence
intensity at saturation, Io is the fluorescence intensity in absence
of the drug, Kd is the dissociation constant, and [NBD1total] is
the total concentration of SUR2A NBD1 in the reaction.

NMR Relaxation Experiments. 15N R1ρ relaxation experi-
ments were performed at 30 °C on a Varian Inova 600 MHz
spectrometer equipped with an HCN triple-resonance cryop-
robe with actively shielded z-gradients using previously
published pulse schemes.57,58 15N R1ρ values were measured
from six different spectra recorded with delays of 2, 4, 8.5, 14,
21, and 30 ms for a sample of 250 μM NBD1 in the presence of
saturating concentrations of MgATP. Relaxation experiments
were not recorded in the presence of pinacidil due to limited
solubility of the drug over the time required for the acquiring
the relaxation data (∼2 days). 15N R2 values for each residue
were obtained by correction of the observed relaxation rate R1ρ
for the offset Δν of the applied spin-lock rf field (ν1) to the
resonance using the relation R1ρ = R2 sin2θ, where θ =
tan−1 (ν1/Δν) and ν1 was 1824 Hz. All data sets were processed
using NMRPipe. Peak intensities were obtained using the Rate
Analysis tool in NMRView and used to fit a two parameter
function of the form I(t) = I0

e−t*R2 using a Matlab script.59

Errors in relaxation rates were estimated by Monte Carlo
analysis. In total, 24 resolved peaks were analyzed.
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Fluorescence Nucleotide Binding Experiments. Kd
values for the interaction between SUR2A NBD1 (S615-
L933) and the fluorescent ATP analogue 2′,3′-O-(2,4,6-
trinitrophenyl)- adenosine-5′-triphosphate (TNP-ATP, Molec-
ular Probes) were determined using fluorescence spectroscopy.
These studies required removal of ATP present in the NBD1
samples from the purification. Mg2+ and ATP were removed
from NBD1 samples by size exclusion chromatography and
replaced with known concentrations (2.5 μM) of MgCl2 and
TNP-ATP. SUR2A NBD1 elutes from the size exclusion
column (Superdex 75, GE Healthcare) at 10.7 mL, which is
consistent with momomeric NBD1.38 Binding experiments
were performed by serial dilutions of the protein at a constant
concentration of the fluorescent TNP-ATP. An initial sample
containing 50−70 μM NBD1 (depending on the concentration
of apo NBD1 that eluted from the size exclusion column), 2.5
μM TNP-ATP and 2.5 μM MgCl2 in the NBD1 buffer with
10% (v/v) glycerol was generated. Samples with lower NBD1
concentrations were made by serial dilutions into buffer lacking
the protein, while maintaining constant MgCl2 and TNP-ATP
concentrations. Thus samples ranged in protein concentration
from 0.1−1 μM for the lowest NBD1 concentration to 50−70
μM NBD1, with constant Mg2+ and TNP-ATP concentrations
of 2.5 μM. A separate sample was generated containing MgCl2,
TNP-ATP and buffer only for the 0 μM NBD1 sample. Because
of lack of stability and solubility of apo NBD1, binding
experiments were performed at 15 °C. Fluorescence spectra of
TNP-ATP were recorded immediately after each sample was
generated using an excitation wavelength of 465 nm and a slit
width of 5 nm. Emission spectra were recorded from 485 nm to
600 nm with slit widths of 7 nm. The Kd value for the NBD1-
nucleotide complex was determined by monitoring the ratio
between the fluorescence intensity at 533 nm, which

corresponds to the wavelength where fluorescence difference
of free and bound TNP-ATP is at a maximum, and 600 nm to
account for any nonspecific fluorescence from the protein.60

The titration data were fit to the equation
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where I is the fluorescence intensity ratio at a given total
concentration of TNP-ATP, [TNPtotal], I∞ is the fluorescence
intensity ratio at saturation, Io is the fluorescence intensity ratio
in absence of ligand, Kd is the dissociation constant, and
[NBD1total] is the total concentration of SUR2A NBD1 in the
reaction. This equation assumes a 1:1 complex of NBD1 with
TNP-ATP.56,61

We kept the TNP-ATP concentrations constant as described
previously,61,62 rather than the protein concentration as done in
other studies63,64 because of the lack of stability of apo SUR2A
NBD1 over time. By employing serial dilutions, we measured
the fluorescence of samples with excess NBD1 before any
precipitation occurred. To determine the effects of pinacidil and
diazoxide on nucleotide binding, the TNP-ATP binding
experiments were performed in the presence of 12.5 μM
pinacidil or diazoxide. A concentration of 12.5 μM of drugs was
chosen, rather than 50 μM, which is equal to the highest
concentration of NBD1 in the titration, because pinacidil has a
weak fluorescent signal when excited at 465 nm. The
fluorescence of pinacidil at 12.5 μM is negligible.

Figure 2. Pinacidil interacts with SUR2A NBD1 in the presence of MgATP. (A) Comparison of 2D 15N−1H TROSY-HSQC48 spectra of SUR2A
NBD1 (250 μM) in the absence and presence of 3.9 mM pinacidil with 5 mM Mg2+ and 5 mM ATP in 20 mM Na phosphate, pH 7.3, 150 mM
NaCl, 5 mM DTT, 2% (v/v) glycerol, 7.5% (v/v) DMSO, 10% (v/v) D2O at 30 °C at 600 MHz. Chemical shifts for each spectrum were referenced
to 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS).47 The spectrum of SUR2A NBD1 in the absence of pinacidil is in the foreground with
resonances colored in black, while the spectrum of NBD1 with 3.9 mM pinacidil is in the background in red. Blue circles highlight specific chemical
shift changes in NBD1 upon addition of pinacidil. (B−D) Selected regions of the spectrum shown in (A). As with panel A, blue circles highlight
chemical shift changes observed with addition of pinacidil. The asterisks (“ * ”) in panels C and D identify some of the resonances from disordered
regions in the protein.

Biochemistry Article

dx.doi.org/10.1021/bi301019e | Biochemistry 2012, 51, 9211−92229215



■ RESULTS

NMR Titration Studies Indicate That NBD1 of rSUR2A
Mediates Specific Interactions with Pinacidil. 15N
TROSY-HSQC spectra of SUR2A NBD1 were recorded in
the absence and presence of the drugs pinacidil (Figure 2) and
diazoxide (Figure 3). As explained in the Experimental
Procedures section, and as seen with other drugs used in
NMR binding studies,65 the pinacidil and diazoxide have poor
solubility in the aqueous NBD1 buffer and hence are dissolved
in DMSO. Thus, blank titrations of SUR2A NBD1 using only
DMSO were also performed to account for changes in the
SUR2A NBD1 spectra with increasing concentrations of
DMSO (Supplementary Figure 3). Figures 2 and 3 comparing
spectra in absence and presence of drugs were recorded with
identical concentrations of DMSO (v/v, 7.5%).
Addition of pinacidil to SUR2A NBD1 results in 13 distinct

chemical shift changes throughout spectra of SUR2A NBD1
(Figure 2), indicating that the KCO pinacidil interacts with
SUR2A NBD1. The number and magnitude of the chemical
shift changes are consistent with spectral changes seen upon
binding of a small molecule drug to NBD1 of CFTR using
similar concentrations of protein and drug.65 Only resonances
exhibiting a significant combined chemical shift difference,
which is greater than the average of all Δδtotal values plus one
standard deviation, Δδtotal ≥ 0.04,66 are considered. Resonances
displaying changes in intensity are not considered when
analyzing spectral changes because decreases in intensity may
be due to small amounts of protein precipitation during the
titration. Further, overlapping resonances were also not
considered in the analysis. The small number of chemical
shift changes observed in NBD1 upon addition of pinacidil is

expected due to the small size of the drug molecule and
indicates that the drug interacts with specific residues in SUR2A
NBD1.
Notably, all of the observed chemical shift changes occurred

for resonances from structured residues in the protein. We do
not observe chemical shift changes in the intense resonances
centered about 8.2 ppm in the 1H dimension (Figure 2C,D;
marked with an “ * ”) that result from disordered regions in
SUR2A NBD1, such as the disordered region of the β-sheet
subdomain insert,38 indicating that these regions in SUR2A
NBD1 do not interact with pinacidil. Of the 13 resonances that
exhibit chemical shift changes upon pinacidil addition, 9
resonances have 1H chemical shifts of less than or equal to 7.7
ppm (i.e., 7.7, 7.5, and 7.3 ppm) and greater than 8.5 ppm (i.e.,
8.6, 9.0, 9.3, 9.5, and two peaks at 8.7 ppm). Additional
chemical shifts are seen for residues with 1H chemical shifts of
7.8, 7.9, 8.0, and 8.3 ppm. The lower intensities of these
resonances (Figure 2C,D; highlighted by cyan circles)
compared to the intense resonances described above (Figure
2C,D; marked with an “*”) suggest that they are also from
structured residues in the protein. Although Figure 2 shows
HSQC spectra taken with 0 mM pinacidil and 3.9 mM pinacidil
(with DMSO concentrations (v/v) of 7.5%), chemical shift
changes were observed with as little as 1.5 mM pinacidil added.
These drug concentrations are of the same order of magnitude
as the concentrations used to observe pinacidil-mediated
activation of KATP channels in some electrophysiological
studies34,37,67 and were necessary here due to the high protein
concentration needed for NMR spectroscopy. Spectra of NBD1
are similar with 2.4 mM and 3.9 mM pinacidil added to the
sample (Supplementary Figure 4). None of the resonances

Figure 3. Diazoxide does not interact with SUR2A NBD1 in the presence of MgATP. (A) Comparison of 2D 15N−1H TROSY-HSQC48 spectra of
SUR2A NBD1 (250 μM) in the absence and presence of 3.8 mM diazoxide at 30 °C at 600 MHz. The solution conditions for each sample are
identical to those described in the legend to Figure 2. The spectrum of SUR2A NBD1 in the absence of diazoxide is in the foreground with
resonances colored in black, while that of NBD1 with diazoxide is in the background with resonances colored red. Spectra of SUR2A NBD1 with and
without diazoxide are virtually identical. Minor chemical shift changes, which are seen for only two resonances and only with high (3.8 mM)
concentrations of diazoxide, are circled (blue, solid). Dashed blue circles highlight resonances for which significant chemical shift changes are seen
with pinacidil addition (Figure 2), but which are absent in the diazoxide titration. (B−D) Selected regions of the spectrum shown in panel A. The
resonance circled in panel D by a solid blue circle shows small chemical shift changes (Δδtotal < 0.03). The asterisks (“ * ”) identify resonances from
disordered regions in the protein.
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display significant chemical shift changes (Δδtotal < 0.03 for all
resonances) between the two spectra, indicating that 2.4 mM
pinacidil is sufficient to reach saturation in the titration.
Identification of the specific residues in SUR2A NBD1 that
interact with pinacidil would require resonance assignment of
the protein, which in turn requires concentrated samples of
NBD1 (≥0.5 mM) to be stable for many days (>14 days) at 30
°C. We are currently developing strategies to allow for this
series of extensive and involved experiments.
In contrast to pinacidil, diazoxide does not bind SUR2A

NBD1, or at least binds too weakly to be detected by these
experiments. Spectra of 250 μM SUR2A NBD1 in the absence
and presence of 3.8 mM diazoxide, a 15-fold excess of the
compound, are virtually identical (Figure 3). Only two
resonances, out of 260 total, displayed a significant, but small
difference in chemical shift (Δδtotal = 0.04) (Figure 3A, circled).
There is also another resonance that may change with diazoxide
addition (Figure 3D, circled), but the Δδtotal value calculated for

this resonance is not statistically significant. In comparison,
addition of pinacidil results in 13 resonances with significant
Δδtotal values of 0.04−0.10. Many of the resonances that display
chemical shift changes with pinacidil addition do not change
with addition of diazoxide (Figure 2, solid circles compared to
Figure 3, dashed circles). Thus, the NMR data indicate that
pinacidil makes specific interactions with NBD1, while
diazoxide does not interact with NBD1 or interacts with a
much lower affinity than pinacidil. Spectra with higher
concentrations of diazoxide to detect lower affinity interactions
could not be recorded due to the solubility of the compound.
In the intact SUR2A protein, as with other ABC transporters,

NBD1 and NBD2 form a heterodimer upon binding of
MgATP.17 We have recorded 15N TROSY-HSQC spectra of
SUR2A NBD1 at various concentrations (from 50 μM > 300
μM). SUR2A NBD1 elutes from the 24 mL Superdex 75 size
exclusion chromatograph column at a volume of 10.7 mL,
consistent with it being monomeric. Spectra of SUR2A NBD1

Figure 4. 15N R2 relaxation data for 250 μM SUR2A NBD1. (A) Selected regions from the 15N-1H correlation spectrum recorded with the pulse
sequence used to determine 15N R1ρ rates with a delay time of 2 ms. (B) Examples of

15N R1ρ decay curves for peaks shown in (A). The
15N R1ρ rates

were used to determine 15N R2 rates, as described in the Experimental Procedures section.
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samples at 50 μM concentration, which are taken directly from
the eluent (at 10.7 mL) of the size exclusion column without
concentration of the sample further, are identical in peak
positions, and relative intensities, also indicate that the samples
of NBD1 up to 300 μM are monomeric.38 The absence of
dimerization of SUR2A NBD1 in the presence of MgATP is
consistent with observations of NBDs from other eukaryotic
ABC transporters, in which NBD1 and NBD2 are not identical,
that demonstrate monomeric behavior of NBD1 even at the
high concentrations used in structural studies.46,66,68,69

Further confirmation of momomeric SUR2A NBD1 in our
samples comes from NMR 15N R2 relaxation studies. 15N R2
rates were calculated for 24 resonances, with resonances
selected from regions of the spectrum that are derived from
structured regions of the protein, such as those with 1H
chemical shifts of >8.5 ppm. Resonances with 1H chemical
shifts of 7.7−8.5 ppm were excluded because of potential
overlap or partial overlap, which compromises analysis of
relaxation data, in this region of the spectrum. A subset of decay
curves from the 15N R1ρ experiment, which are used to calculate
the 15N R2 rates, is shown in Figure 4. The calculated 15N R2
rates for these resonances were used to calculate a correlation
time (τm) for SUR2A NBD1 using only the J(0) term for the
spectral density function and assuming an order parameter (S2)
of 0.85, which is the average S2 value expected for a folded
protein.57 Only the J(0) term was considered because it
dominates the 15N R2 relaxation of large molecules, such as
proteins.70 We calculate a correlation time of 25.3 ± 4.5 ns.
This value compares favorably with an expected correlation
time of 22 ns calculated for a homology model of SUR2A
NBD1 from HYDRONMR,71 indicating that our sample of
SUR2A NBD1 is predominantly monomeric under these
conditions.
Specific Binding of Pinacidil by SUR2A NBD1 Displays

a Low Affinity. SUR2A NBD1 contains a total of six Trp
residues that are located throughout the protein, that produce a
large fluorescence signal (Figure 5A). Changes in the
environment of one or more Trp residues from direct binding
of pinacidil or conformational changes associated with binding
have the potential to produce changes in Trp emission spectra
in proteins.60 SUR2A NBD1 displays a large fluorescence
signal, owing to the six Trp residues in the protein. Indeed,
addition of pinacidil results in a large quenching of Trp

fluorescence (Figure 5A), indicating direct binding of pinacidil
to NBD1. Quenching of fluorescence often results from
exposure of Trp residues to the solvent, which in this case
would suggest conformational changes upon pinacidil binding.
However, quenching of fluorescence may also result in other
situations. For example, direct binding of pinacidil to a site
involving a Trp may cause quenching depending on the
orientation of the aromatic group in pinacidil and a Trp residue
in the protein. Quenching may occur because pinacidil binding
causes conformational changes in NBD1 that bring acidic
residues in close proximity to one or more Trp residues.
Regardless of the quenching mechanism, the large changes in
the fluorescence spectrum of NBD1 indicate an interaction with
pinacidil. Although the spectra shown in Figure 5A are for 1
μM SUR2A NBD1 in the absence and presence of 1 mM
pinacidil, a significant amount of quenching (∼50%) is seen
with much lower pinacidil concentrations (i.e., 100 μM). A Kd
value of 455 ± 37 μM was obtained from pinacidil titration of
SUR2A NBD1 (Figure 5B). The relatively low affinity
interaction is likely because we are probing pinacidil binding
to NBD1 alone and not in the presence of coupling helices, and
therefore reflective of having only part of the pinacidil binding
site present in the experiment.

Binding of Pinacidil Changes the Affinity of NBD1 for
MgATP. After establishing that pinacidil binds SUR2A NBD1
by NMR and fluorescence spectroscopy, we used fluorescence
spectroscopy to probe the effect of pinacidil on the nucleotide
affinity of NBD1. Although previous work demonstrated the
interaction of SUR2A NBD1 (S615-L933) with MgATP using
NMR spectroscopy,38 we could not use NMR titration
experiments to determine the affinity of the interaction due
to the tendency of the nucleotide-free NBD1 to precipitate at
concentrations greater than 100 μM at 30 °C, which are the
conditions necessary for the NMR experiments.
The interaction between SUR2A NBD1 and nucleotide was

probed using the fluorescent ATP analogue TNP-ATP. TNP-
ATP has a trinitrophenyl fluorophore on the ribose of the
nucleotide and has been employed to study nucleotide binding
to ATP binding proteins including kinases61,62 and other ABC
transporters, such as P-glycoprotein63 and CFTR.64 The
affinities for ATP and ADP may72 or may not61 be different
from that of their fluorescent analogues. Nonetheless, these
probes have been used successfully to compare changes in

Figure 5. Binding of pinacidil to SUR2A NBD1 as monitored by intrinsic Trp fluorescence. (A) Emission spectra of 1 μM SUR2A NBD1 in the
NBD1 buffer with 5 mM MgATP and 10% (v/v) DMSO in the absence (black line) and presence of 1 mM pinacidil (gray line). (B) Binding of
pinacidil to SUR2A NBD1 as monitored by quenching of Trp fluorescence. The data (open squares) were fit assuming a 1:1 complex (solid
line),56,61 as described in the Experimental Procedures.
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nucleotide binding in other NBDs under different experimental
conditions, such as in wild type and mutant states.64,73,74

Upon addition of SUR2A NBD1, the fluorescence emission
spectra of TNP-ATP changes so that the intensity increases and
the maximum is blue-shifted (Figure 6A), corresponding to the
direct binding of TNP-ATP by NBD1. Addition of increasing
amounts of NBD1 resulted in a concentration-dependent and
saturable increase in TNP-ATP fluorescence (Figure 6B; closed
circles, solid lines). The Kd value obtained from these
measurements shows tight binding of NBD1 to TNP-ATP
(8.0 μM ± 1.0 μM). A similar Kd value was obtained for the
interaction of TNP-ATP with NBD1 from CFTR,64 which is in
the same subfamily of ABC proteins as SUR2A.12

In the presence of 12.5 μM pinacidil, NBD1 titration of
TNP-ATP also displays a saturable fluorescence increase
(Figure 6B; solid diamonds, dashed line). However, the Kd

value for the interaction between TNP-ATP and pinacidil-
bound NBD1 is decreased to 3.1 ± 0.5 μM. The increase in the
affinity of NBD1 for TNP-ATP in the presence of 12.5 μM of
pinacidil suggests that pinacidil stabilizes the interaction
between the nucleotide and NBD1. Similar titration experi-
ments were performed in the presence of diazoxide (Figure 6B;
open circles, dotted line). In this case, no change in the affinity
of NBD1 and TNP-ATP (Kd value = 11.8 ± 3.0 μM) was
observed, consistent with the NMR data that did not
demonstrate an interaction between diazoxide and SUR2A
NBD1. The Kd values measured are shown in Table 1.

■ DISCUSSION
The data in this paper demonstrate, for the first time, a direct
interaction of the KCO pinacidil with SUR2A NBD1. 15N R2
relaxation experiments and other lines of evidence38 presented
suggest that the NBD1 is not an artificial homodimer, even at
the high concentrations of protein and nucleotide used in these
experiments. We currently do not have resonance assignments
for the protein, and therefore cannot specifically identify NBD1
residues that interact with pinacidil. However, the NMR
titration data show chemical shift changes for a number of
resonances from structured regions in the protein upon
addition of pinacidil. The intense resonances, which are derived
from disordered regions in NBD1 such as the β-sheet
subdomain insert and C-terminal extension,38 do not exhibit
chemical shift changes upon pinacidil addition. The number
and magnitude of the spectral shift changes are consistent with
an interaction of pinacidil with specific residues in NBD1.65

The observation that many of the resonances in the NBD1
spectrum do not change upon addition of pinacidil demonstrate
that binding of pinacidil does not cause gross changes to the
protein structure. Further, quenching of Trp fluorescence in
NBD1 upon addition of pinacidil and the finding that binding
of pinacidil to NBD1 increases the affinity of NBD1 for
nucleotide also demonstrate a direct interaction between
pinacidil and NBD1. Previous work has demonstrated the
involvement of residues in coupling helix 3,36 the MSD2-NBD2
linker,36 TM helix 17,37 and the C42 region23 in binding of
pinacidil and/or mediation of its effects in the intact KATP
channel. Structures of ABC proteins13−15 and our homology
model of SUR2A revealed that coupling helix 3 forms an
interface with NBD1 and NBD2, and that the flexible linker can
also interact at this site. Therefore, the data we present here on
the interaction of pinacidil with NBD1 is consistent with earlier
studies that sought to localize the binding site of pinacidil in the
intact SUR2A. Of note, there is a Trp residue, Trp 756, at this
interface. Although changes in fluorescence can be due to
multiple mechanisms, quenching of the fluorescence of Trp756
may occur due to direct binding of pinacidil at this site.
Together with residues in coupling helix 3,36 the MSD2-NBD1
linker,36 and NBD2, residues around Trp 756 in NBD1 may be
involved in pinacidil binding. The relatively low affinity that we

Figure 6. TNP-ATP binding SUR2A NBD1 in the absence and presence of pinacidil. (A) Emission spectra of 2.5 μM TNP-ATP in the NBD1 buffer
in the absence (gray line) and presence of 50 μM SUR2A NBD1 (black line). (B) Binding of SUR2A NBD1 to TNP-ATP as monitored by
increasing fluorescence of TNP-ATP. TNP-ATP fluorescence titration data acquired in the absence of drug are shown as solid circles and were fit
assuming a 1:1 complex, shown by the solid line,56,61 as described in the Experimental Procedures. Data from NBD1 titration of TNP-ATP acquired
in the presence of pinacidil are shown as solid diamonds with the fit of the TNP-ATP titration data shown as a dashed line. The data and the fit from
the TNP-ATP titration in the presence of diazoxide are shown as open circles and a dotted line, respectively. TNP-ATP titration data in the presence
of pinacidil and diazoxide were fit assuming a 1:1 complex for the NBD1/nucleotide interaction.

Table 1. Dissociation Constants for Interactions of SUR2A
NBD1 with Nucleotidea

nucleotide Kd (μM)

TNP-ATP 8.0 ± 1.0 (3)
TNP-ATP (in the presence of pinacidil) 3.1 ± 0.5 (3)
TNP-ATP (in the presence of diazoxide) 11.9 ± 3.0 (2)

aThe equilibrium dissociation constants (Kd, μM) were determined
using fluorescence of the trinitrophenyl moiety of TNP-ATP and are
reported as averages ± standard deviations. The number in
parentheses indicates number of experiments performed for each
binding analysis.
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measured for the binding of isolated NBD1 with pinacidil is
consistent with the hypothesis that NBD1 contributes only part
of the pinacidil binding site in the intact channel, with the full
binding site comprised of residues from the coupling helices
and the MSD2-NBD1 linker,6,36 and residues of NBD1 and
NBD2.
In contrast to pinacidil, the NMR data indicate that diazoxide

does not bind SUR2A NBD1, as indicated by other studies.34,35

Earlier studies demonstrated that, in general, diazoxide can
activate SUR1-containing KATP channels, but not SUR2A-
containing channels.6,26,28,29 Notably, diazoxide sensitivity can
be conferred to SUR2A-containing KATP channels by transfer of
MSD1-NBD1 from SUR1 to SUR2A,35 indicating that SUR2A
NBD1 is not involved in the diazoxide binding interface in
SUR2A, consistent with the lack of interaction between
diazoxide and SUR2A NBD1 observed here. Further, while
residues L1249 and T1253 in SUR2A are involved in pinacidil
activation, mutation of the corresponding residues in SUR1 has
no affect on diazoxide-mediated activation of SUR1-containing
channels.37 These studies indicate that separate regions mediate
the effect of diazoxide and other openers, such as pinacidil.34

Residues involved in KCO binding are not necessarily
involved in KATP channel activation. Chimeras between SUR2A
and MRP1 indicated that residues E1305, I1310, and L1313 are
important for channel activation by, but not binding67 of, the
pinacidil analogue P1075. Residue E1305 is located in the
MSD2-NBD2 linker and residues I1310 and L1313 are located
in NBD2. Recent structures of ABC proteins13−15 and our
SUR2A homology model show that the MSD2-NBD2 linker
contacts coupling helix 3, which in turn contacts NBD1. Thus,
interaction of coupling helix 3 with pinacidil could affect the
conformation of residues in the MSD2-NBD2 linker and in
NBD2, such as E1305, I1310, and L1313, leading to changes in
channel activation, possibly by coupling to Kir6.2.67,75

Conformational changes and dynamics are important to link
KCO binding to channel activation. Conformational changes
are expected in the NBDs from ATP binding and hydrolysis
during the gating cycle. Drug binding may enhance these
functionally relevant conformational changes. For example,
increases in nucleotide binding to NBD1 in intact KATP

channels, as we observed for the isolated SUR2A NBD1, in
the presence of pinacidil may enhance structural and dynamic
changes required for channel gating. A similar effect has been
demonstrated in a recent study showing enhanced conforma-
tional changes in CFTR NBD1 upon drug binding that are
comparable to the structural changes involved in gating of the
CFTR channel.65 Further drug binding studies encompassing
different regions of the KATP channel, such as SUR2A NBD2, as
well as different KCOs, may elucidate some of these
mechanisms.
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